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Oxygen minimum zones in oceanic waters have become increasingly important to the 
marine environment and society.  Low oxygen waters affect not only the distribution and 
abundance of marine organisms, but also impact the solubility and transport of trace elements 
that are of biological importance, with the chemical speciation and solubility depending on the 
actual redox poise of the waters.  One redox sensitive trace element of interest is selenium, which 
can be both toxic and essential for organisms, depending on its chemical speciation.  In 2013, the 
US GEOTRACES program completed the GP16 transect from Peru to Tahiti, going through the 
oxygen minimum zone off Peru.  Dissolved selenate, selenite, and organic selenide, as well as 
particulate elemental selenium, were determined in water column samples.  Nitrate and nitrite 
data were used to determine where denitrification was occurring and thus approximately where 
dissimilatory reduction of selenium should be occurring.  Deficits in dissolved selenite+selenate 
showed that dissimilatory reduction of selenium (bacterial utilization of an oxidized metal as the 
terminal electron acceptor during respiration) occurred within the oxygen minimum zone at 
slightly deeper depths than where denitrification was found.  The observed selenium deficits can 
be the result of dissimilatory reduction occurring in situ or can be laterally advected from anoxic 
coastal sediments.  However, using a combination of advection/diffusion modeling, particulate 
Se(0) data, and 234Th-derived flux rates, the dissimilatory reduction of selenium was shown to 
mainly occur in situ, rather than via advection/diffusion from coastal sediments.    
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Oxidation-reduction (redox) reactions are essential to life on Earth, with one of the best-
known redox reactions being described in the Redfield equation (Redfield et al., 1962), which 
characterizes photosynthesis and respiration and maintains redox disequilibrium in the ocean.  
Photosynthesis (autotrophy) and respiration (heterotrophy) are tightly coupled in the euphotic 
zone of the ocean, while heterotrophic respiration is the predominant process below the euphotic 
zone (Redfield et al., 1962).  In poorly ventilated waters this dominance of respiration below the 
euphotic zone can lead to dissolved oxygen concentrations falling below concentrations that 
allow for oxygen to be the terminal electron acceptor (oxidant) for respiration.  When dissolved 
oxygen is low, other elements and compounds can serve as terminal electron acceptors (Stumm 
and Morgan, 1981; Codispoti et al., 2005) and this condition is referred to as suboxic until 
sulfate reduction begins.   
Selenium is a potential terminal electron acceptor in certain environments (Oremland et 
al., 1989), and exists in three dissolved oxidation states: +4 (selenite, SeO3
-2), +6 (selenate,  
SeO4
-2), and -2 (selenide).  The marine biogeochemical cycle of selenium includes selective 
uptake by phytoplankton, reductive incorporation into biogenic material, and multistep 
regeneration (Cutter and Bruland, 1984).  Under suboxic conditions, selenite and selenate can be 
reduced to insoluble elemental selenium (Cutter, 1982; Cutter 1992; Oremland et al., 1989).  
This suboxic reduction of selenium can be used to help define the redox poise of low oxygen 
waters.   
This research examined the redox cycling of selenium in the suboxic waters off Peru.  
The proposed objectives were to elucidate the redox cycling of selenium in the suboxic waters 
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off Peru and compare these results with that of other marine redox regimes, and to determine if 
the dissimilatory reduction (bacterial utilization of an oxidized metal as the terminal electron 
acceptor during respiration) of selenite and selenate to elemental selenium is occurring within the 
oxygen minimum zone, or if its imprint is being advected/diffused offshore from anoxic shelf 
sediments.   
BACKGROUND 
Eastern tropical oceans contain large volumes of oxygen-poor waters at intermediate-
depths called oxygen minimum zones (OMZs).  In the ocean, oxygen minimum zones are the 
result of stratification and respiration.  Respiration requires oxygen and organic matter (Redfield 
et al., 1962).  Below the euphotic zone respiration is fueled by organic matter, which is usually 
from phytoplankton production in the euphotic zone, and results in the depletion of dissolved 
oxygen (e.g., Rabalais et al., 2009).  Stratification prevents the diffusion of oxygenated water to 
the low oxygen subsurface waters due to a sharp density gradient caused by temperature, salinity, 
or both (Helly and Levin, 2004; Rabalais et al., 2009).  This stratification along with the 
respiration of organic matter causes the dissolved oxygen concentrations to decrease.  The 
production of organic matter can be enhanced by the upwelling of high nutrient water along 
coastal regions (Helly and Levin, 2004).  Richards (1965) was the first to define suboxia as the 
region where oxygen concentrations are vanishingly small, but sulfate reduction has not yet 
occurred.  Oxygen minimum zones in the eastern tropical Pacific Ocean and the northern reaches 
of the tropical Indian Ocean have oxygen levels that are suboxic, while the oxygen minimum 
zones in the tropical Atlantic Ocean are not as depleted (Figure 1; from Stramma et al., 2008).  
Stramma et al. (2008) found vertical expansion of oxygen minimum zones in the eastern tropical 
Atlantic Ocean and the tropical Pacific Ocean over the past 50 years.  Matear and Hirst (2003) 
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predicted subsurface ocean water oxygen concentrations to decline by 2100 due to warming of 
the ocean.  Changes in high-latitude ocean stratification and overturning, and changes in the 
export of particulate matter are also predicted (Matear and Hirst, 2003); the volume of suboxic 
waters in the eastern equatorial Pacific Ocean doubled in this projection (Matear and Hirst, 
2003).  In these low oxygen waters, a variety of terminal electron acceptors can be used for 
respiration.   
There are two extremes of terminal electron acceptors for respiration in modern oceans.  
The first is oxygen in the oxic water column, and the second is sulfate in anoxic water, typically 
seen in basins such as the Black Sea (Codispoti et al., 2005).  The redox condition between these 
two extremes, frequently called “suboxia,” is more widespread than anoxia in the modern ocean 
(Codispoti et al., 2005), and is also growing in spatial extent (Matear and Hirst, 2003; Stramma 
et al., 2008).  The redox poise (activity of free electrons; pε = -log ae-; Stumm and Morgan, 
1981) in the water column varies with depth and location, reflected by the concentration of the 
various potential terminal electron acceptors (oxygen, nitrate, etc.; Stumm and Morgan, 1981).  
Examination of the speciation of redox active elements helps to define the redox poise of the 
waters.  Stumm and Morgan (1981) proposed that the free energy sequence of terminal electron 
acceptors for oceanic conditions is:  
O2 > IO3
- > NO3
- > Mn(IV) > Fe(III) > SO4
2-. 
While this list proposes the sequence of terminal electron acceptors for respiration, it is missing 
other potential redox couples that have reduction potentials and concentrations within the redox 
range of these couples, such as selenite/selenate.  These other redox couples may not be directly 
used in respiration, but they may still be affected by redox reactions.   




Figure 1.  Dissolved oxygen concentrations at a depth of 400 m contoured at 20 µmol/kg 
intervals from 10 to 230 µmol/kg (Stramma et al., 2008).  A-F are areas analyzed by Stramma et 
al. (2008).   
 
 
Selenite and selenide are not thermodynamically stable under oxic conditions (Cutter, 1992). 
Thermodynamics predicts that only selenate should be present in oxic waters, but selenite and 
selenide are also found (Cutter and Bruland, 1984).  The existence of these thermodynamically 
unstable species can be explained by abiotic and biotic production mechanisms, and the species 
being kinetically stable (Cutter, 1992).  In terms of production, selenide is covalently bonded 
with carbon in forms such as seleno-amino acids and seleno-tRNA, and is produced by biotic 
uptake by phytoplankton to form particulate organic selenide (Cutter and Bruland, 1984; Heider 
and Bock, 1993).  This particulate organic selenide becomes dissolved during regeneration, and 
further regeneration oxidizes selenide to selenite and then to selenate (Cutter and Bruland, 1984; 





























p Org Se(-II)d Org Se(-II)d Se(IV)d Se(VI)
If Suboxic/Anoxic
Deep Waters: 
d Se(IV+VI) p Se(0)
 
Figure 2.  Diagram of marine biogeochemical cycle of selenium (adapted from Cutter and 
Bruland, 1984).  The thicker dissolved-to-particulate arrow denotes preferential uptake of 
selenite in surface waters.  Dissolved selenium is represented by “d” and particulate selenium is 
represented by “p”.   
 
 
The marine biogeochemical cycle of selenium (Figure 2) includes selective uptake by 
phytoplankton, reductive incorporation into biogenic material, particulate organic selenide 
(selenium –II) sinking into the deep ocean, and multistep regeneration of dissolved selenium 
from particulate selenium (Cutter and Bruland, 1984).  Selenium sources to the ocean are mainly 
atmospheric and riverine (Fig. 2).  While selenium naturally occurs in Earth’s crust, 
anthropogenic sources also release selenium to the environment.  These anthropogenic sources 
include fossil fuel combustion, oil refining, mining of phosphates and other metal ores, and 
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sewage sludge (Lemly, 2002).  Selenium is delivered to the ocean from these sources and then 
incorporated into the first trophic level (primarily phytoplankton; Fig. 2).  Higher trophic level 
organisms gain selenium through consumption of phytoplankton and other organisms that are 
lower in trophic level.  Dissolved selenium can be taken up passively and actively.  Passive 
uptake occurs by adsorption onto particulates and co-precipitation in particles (Cutter and 
Bruland, 1984).  Active uptake occurs by selective incorporation into biogenic material (Cutter 
and Bruland, 1984).  Regeneration of dissolved selenium occurs from dissolution of the carrier 
particulate phase or by microbial oxidative degradation (Cutter and Bruland, 1984).   
It has been found that selenium can serve as a terminal electron acceptor for respiration 
(Oremland et al., 1989).  Oremland et al. (1989) reported bacterial dissimilatory reduction of 
selenate to elemental selenium in suboxic to anoxic waters.  Selenate respiring bacteria are found 
in a wide range of environments and genera (Stolz and Oremland, 1999).  This dissimilatory 
reduction of selenate showed that selenium speciation could function as a redox indicator for the 
more oxidizing conditions of suboxic respiration when compared to the concentration of 
selenium species predicted in the absence of oxidation-reduction (Measures and Burton, 1980).   
The effect of selenium on biological systems is concentration-, speciation-, and 
organism-dependent.  Organisms require trace concentrations for growth, while elevated 
concentrations can be toxic (Hamilton, 2004).  Selenium, in the form of selenide, is an essential 
trace element for prokaryotes and eukaryotes (Heider and Bock, 1993).  Selenite and selenate are 
the toxic forms of selenium at higher concentrations, while selenide is non-toxic (Stolz and 
Oremland, 1999).  Selenite is taken up by autotrophic organisms and is reduced to selenide 
(Heider and Bock, 1993).  High selenate concentrations have been found to cause ultra-structural 
damage that inhibits the photosynthetic capacity of phytoplankton (Geoffroy et al., 2007).  The 
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concentration required for this damage was 4.5 µM selenate, which is high compared to 
environmental conditions which are in the nanomolar range (Cutter, 1989; Geoffroy et al., 2007), 
and extremely high compared to oceanic conditions (0.1-1.8 nM; Cutter, 1982; Cutter, 1992; 
Cutter and Cutter, 2001; Cutter and Bruland, 1984).  This highlights the importance of knowing 
the speciation and concentration of selenium.  While current oceanic conditions do not support 
such high selenate concentrations, highly polluted rivers that empty into the ocean can (Cutter, 
1989).   
Selenium concentrations and speciation have been determined in many aquatic 
environments.  Dissolved selenium displays nutrient-like depth profiles in all oceans (e.g., 
Measures et al., 1983; Cutter and Bruland, 1984; Cutter and Cutter, 1995; Cutter and Cutter, 
1998; Cutter and Cutter, 2001).  In suboxic waters, selenite and selenate are found in 
concentrations lower than expected, based on predictions calculated from the concentrations of 
phosphate and silicate, which are not affected by redox conditions (Rue et al., 1997).  Organic 
selenide is present in these suboxic regions from regeneration (Cutter and Bruland, 1984; Rue et 
al., 1997) and it is stabilized in low oxygen waters (Cutter, 1982; Cutter, 1992).  The presence of 
organic selenide has been attributed to kinetic stabilization of dissolved organic selenium species 
from regeneration, rather than to direct reduction of selenite and selenate (Cutter and Bruland, 
1984; Cutter, 1992).  Measures et al. (1983) were the first to report dissolved selenium 
undergoing redox conversions in low oxygen waters via dissimilatory reduction of selenate and 
selenite, and termed this loss of dissolved selenium as “deselenification.”  Later work found 
selenite and selenate depletion under suboxic to anoxic conditions (Cutter, 1982; Cutter and 
Bruland, 1984), and proposed the end product of this reduction is particulate elemental selenium 
(Velinsky and Cutter, 1990; Velinsky and Cutter, 1991; Cutter, 1992).   
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Selenium reduction greatly influences the mobility and bioavailability of selenium 
(Johnson et al., 1999).  Marine phytoplankton preferentially take up selenite over selenate (Hu et 
al., 1997; Wrench and Measures, 1982).  This implies that phytoplankton can utilize selenite 
more easily then selenate, and that biological activity can modify the redox balance and the 
concentration of selenium (Wrench and Measures, 1982).  Cutter (1982) detected selenium in 
dissolved amino acids and suggested that organic selenides were primarily released through algal 
degradation.  In contrast, Hu et al. (1997) argued that dissolved organic selenium was primarily 
from cellular release rather than bacterial degradation.   
While selenium speciation has been determined in the Atlantic Ocean (Cutter and Cutter, 
1995; Cutter and Cutter, 1998; Cutter and Cutter, 2001) and in the North Pacific Ocean (Cutter 
and Bruland, 1984; Measures et al., 1980; Rue et al., 1997; Suzuki et al., 1980; etc.), it has not 
previously been determined in the eastern equatorial South Pacific Ocean.  The dual nature of 
selenium being both toxic and essential added to the fact that selenium speciation is redox-
sensitive makes it important to know its distribution and concentration, especially in regions that 
contain intense oxygen minimum zones such as the one off the coast of Peru.  My research 
objectives were: (1) to describe and compare selenium speciation, phases, and distributions in the 
eastern equatorial Pacific Ocean with other regimes, (2) to quantify the sources and sinks of 
selenium, and (3) quantify the fraction of redox behavior resulting from in situ reactions versus 
advection/diffusion from elsewhere (most likely anoxic coastal sediments).  In order to fulfill 
these objectives, I hypothesized that (1) dissolved selenite and selenate will have a deficit within 
the suboxic region of the water column as well as elemental selenium will be present that is 
indicative of dissimilatory selenium reduction, and (2) the observed reduction of dissolved 
selenium will be entirely in situ.   
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STUDY AREA AND SAMPLING METHODS 
US GEOTRACES cruise GP16 (Eastern Pacific Zonal Transect) conducted a water 
sampling transect from Peru to Tahiti, going through the oxygen minimum zone westward into 
the South Pacific Ocean (Figure 3).  Water samples were collected using GO-FLO bottles 
mounted on a trace metal-clean CTD carousel following the GEOTRACES sampling procedure 
outlined in Cutter and Bruland (2012).  Particulate samples were collected using McLane in situ 
pumps with 0.8 µm Supor filters (Bishop et al., 2012).  Filtered water column samples were 
collected at Stations 1-5, 7, 9, 11, 18, 21, and 36.  At each station, water samples were taken at 
depths from 20 m down to the bottom, with the maximum depth sampled being 5,500 m.  
Filtered water column sample depths were chosen based on water column features such as the 
chlorophyll maximum and oxygen minimum.  Particulate samples were collected from the water 
column at Stations 1-5, 7, 9, 11, 13, 15, 18, 20, 21, and 23, between 8 and 24 depths ranging 
from 20 m to the bottom, with the maximum depth sampled being 5,500 m.  Water samples were 
directly filtered using 6 psi nitrogen pressurization of the GO-FLO bottles, through 0.4 µm 
polycarbonate membrane filters, placed in trace metal-clean 1L borosilicate bottles with Teflon-
lined caps, and then acidified to pH 1.7 with ACS reagent-grade HCl for post-cruise analyses.  
McLane pump filters were processed in a nitrogen-purged glove bag, divided into 16 sections, 
each section placed in individual 100 mm disposable Petri dishes, placed in Mylar heat-sealed 
bags, and frozen at -80°C until post-cruise analysis. 
ANALYTICAL METHODS 
Dissolved selenium speciation was determined by selective hydride generation coupled 
with atomic absorption spectrometry using procedures described by Cutter (1978, 1982, 1983).  
Briefly, within a glass stripping vessel selenite was quantitatively converted to hydrogen selenide 
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Figure 3.  US GEOTRACES cruise GP-16 cruise track.  The red line is the cruise track and the 
blue dots and labels are the station numbers 
 
 
by adding sodium borohydride to a sample containing sulfanilamide, to eliminate interference 
due to nitrite, and acidified to 4 M with ACS reagent grade HCl.  The evolved hydrogen selenide 
was stripped from solution using helium and trapped in a borosilicate glass U-tube packed with 
silanized glass wool and immersed in liquid nitrogen.  After the trap was removed from the 
liquid nitrogen, an atomic absorption spectrometer fitted with an open quartz tube furnace 
burning an air-hydrogen flame was used to detect the hydride; instrument response (as peak area) 
was recorded on a chromatographic integrator.  To determine selenite+selenate, another acidified 
sample was boiled for 15 minutes, cooled, and subjected to the selenite determination; selenate is 
the difference between this determination and that of selenite.  Total dissolved selenium was 
determined by boiling a 4 M HCl-acidified sample, with the addition of potassium persulfate, 
and then following the selenite procedure.  The difference between total dissolved selenium and 
selenite+selenate yields the concentration of dissolved organic selenide + elemental selenium 
(this may be colloidal and pass through the 0.4 µm filter).  However, many studies have shown 
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that this fraction is primarily organic selenide in the form of dissolved peptides (Cutter, 1982; 
Cutter and Bruland, 1984; Cutter and Cutter, 1995), and hereafter it will be referred to as 
“dissolved organic selenide.”   
Elemental selenium was leached from filtered particulates using the procedure described 
by Velinsky and Cutter (1990), and the resulting leach solution was analyzed following dissolved 
selenium speciation determination described by Cutter (1978, 1982, 1983), with modifications 
due to sample size.  Briefly, within a trace metal clean 50 mL Teflon centrifuge tube a filter 
section was added to 5 mL pH 7 1 M sodium sulfite and the tube placed in a sonic bath.  After 8 
hours, the leach solution was then filtered through 0.4 µm Nuclepore membrane filter into a  
50 mL beaker, 2 mL nitric acid was added, refluxed for one hour, slowly evaporated to near 
dryness, cooled, dissolved in 10 mL 4 M HCl, and subjected to the selenite+selenate procedure.  
To ensure accuracy, all determinations utilized the standard additions method of calibration, and 
all samples were analyzed in triplicate to quantify precision (found to be <10% for all 
concentrations above 0.1nM).  The detection limit for all four selenium determinations was  
0.04 nM. 
Glassware used for boiling samples was cleaned by refluxing nitric acid for one hour then 
rinsing clean with DDI water.  All other glassware and Teflon beakers and tubes were cleaned to 
trace metal specifications: soaked in 2% Micro-90 overnight, rinsed with DI water, then rinsed 
with isopropyl alcohol followed by DDI water, then soaked in 0.5 M HCl overnight and rinsed 
with DDI water.  The glass stripping vessel and U-tube were silanized using 
dimethyldichlorosilane and anhydrous methanol. 
DATA ANALYSES 
In order to address Objective 1 (to describe and compare selenium speciation, phases, and 
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distributions in the eastern equatorial Pacific Ocean with other regimes), water column oxygen 
concentrations measured on the 2013 GEOTRACES cruise were used to define depth ranges of 
the oxygen minimum zones.  Both measured and predicted nitrate were plotted versus depth.  
The predicted nitrate concentration was determined by multiplying the observed phosphate 
concentration by the observed Redfield ratio for the transect (Redfield et al., 1962).  Specifically, 
the observed Redfield ratio of phosphate to nitrate was calculated by linearly regressing the 
observed phosphate concentration against the observed nitrate concentration at Station 36.  
Station 36 was used because it was located far from the waters with denitrification.  Nitrate and 
nitrite were measured on the cruise and the deficit of measured nitrate and increase in measured 
nitrite was used to determine where denitrification was occurring.   
Both observed and predicted selenite and selenate were plotted versus depth.  Predicted 
selenite and predicted selenate were calculated using observed phosphate and silicate 
concentrations and the empirical relationships between the two selenium species and these 
nutrients observed with depth at Station 36.  As with predicted nitrate, Station 36 was used 
because it was located far from the waters with selenium deficits.  Both silicate and phosphate 
were used to predict concentrations of selenite and selenate in the same manner first employed 
by Measures and Burton (1980).  For selenite, the equation used was: 
Predicted SeIV (nM) = -0.02 + 0.149*(observed PO4, µM) + 0.0011*(observed SiO4, µM)  (1) 
For selenate, the equation used was: 
Predicted SeVI (nM)= 0.39 + 0.236*(observed PO4, µM)                           (2) 
Observed trends in selenium in the eastern equatorial Pacific Ocean were compared with those 
from the eastern Atlantic Ocean (Cutter and Cutter, 1995), the northern Pacific Ocean (Cutter 
and Bruland, 1984; Measures et al., 1980), and the northern Atlantic Ocean (Measures and 
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Burton, 1980).   
To address Objective 2 (to quantify the sources and sinks of selenium and the amounts 
from each), the integrated deficit (inventory) of selenite and selenate was computed as follows.  
The measured selenite and selenate concentrations were subtracted from the predicted selenite 
and selenate concentrations, then integrated over the oxygen minimum zone depths as defined by 
the presence of nitrite.  This integrated dissolved selenium deficit was compared to the integrated 
inventory of particulate elemental selenium over the oxygen minimum zone (OMZ).  There are 
two possible outcomes from this: either the elemental selenium concentration matches the 
integrated deficit (that is they are within one standard deviation of each other) or they do not 
match.  If they match, then in situ dissimilatory reduction of selenium is clearly occurring.  If 
they do not match, then either reduction is occurring elsewhere (e.g., anoxic coastal sediments), 
the reduction is occurring in situ but the particles are sinking, or some combination of the two.  
The presence of elemental selenium in the water column of offshore stations indicates that at 
least some in situ dissimilatory reduction of selenium was occurring, since particle settling 
(Gibbs et al., 1971) would limit lateral transport.   
For Objective 3 (fraction of in situ vs. advective/diffusive sources of the dissolved 
selenium deficit), the amount of lateral transport of the selenium deficit from sediments was 
estimated using 228Ra fluxes and the Se/228Ra ratio (Charette et al., 2016).  Thorium isotopes are 
strongly insoluble within marine sediments thus providing a continuous source of soluble radium 
daughter isotopes to the marine environment (Rama and Moore, 1996).  Of the daughter 
isotopes, 223Ra and 224Ra are short-lived (days), and 226Ra and 228Ra are long-lived (years; 
Moore, 1987; Rama and Moore, 1996).  Another source of radium isotopes is discharge of 
ground water (Charette et al., 2003; Rama and Moore, 1996).  The presence of short lived 223Ra 
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and 224Ra in offshore water implies that the water is less than approximately six half-lives (22-68 
days) removed from the source, or has been diluted by older water that has little to no short-lived 
radium isotopes (Charette et al., 2003; Moore, 2000).  The shelf TEI (trace element and isotope) 
fluxes have been determined for iron, manganese, and cobalt using 228Ra as the flux gauge for 
the North Atlantic Ocean (Charette et al., 2016).  By combining the 228Ra fluxes derived from the 
global inverse model of Kwon et al. (2014) with observed TEI/228Ra ratios, an estimate of the 
horizontal advective/diffusive flux of TEIs to/from the shelf environment can be obtained 
(Charette et al., 2016).  In the case of selenium loss to Peru shelf sediments, the 228Ra flux from 
all shelf sources was determined by inverse modeling techniques by Sanial et al. (2017), and 
their 228Ra data and the selenium data can be used to derive the Se/228Ra ratio.  While the 
advection of dissolved selenium can be determined using 228Ra, vertical particulate selenium flux 
should be determined using 234Th.   
If selenite+selenate reduction is in situ, and the resulting particulate Se(0) sinks, 234Th 
can be used to estimate the flux of particles from surface waters to deep waters (e.g., Buesseler et 
al., 1992).  The high particle affinity and constant source from conservative 238U and known 
decay rate of 234Th allows for the 234Th activity distribution to be used to quantify particle fluxes 
(Djogić et al., 1986; Bhat et al., 1968; Buesseler et al., 1992; Black et al., 2017).  Simply, a low 
ratio of total 234Th activity to 238U activity indicates loss of 234Th due to particle scavenging and 
export.  This loss can then be used to estimate the export flux of particles.  The export flux of 
particulate organic carbon has been estimated using 234Th in the equatorial Pacific Ocean 
(Buesseler et al., 1995), the North Pacific Ocean (Buesseler et al., 2009), the North Atlantic 
Ocean (Buesseler et al., 1992), and the Arabian Sea (Buesseler et al., 1998).  The vertical export 
flux of elemental selenium out of the water column can be estimated by assuming that the system 
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is at steady state.  If the system is at steady state, then the deficit of dissolved selenium has to be 
matched by a vertical flux of particulate elemental selenium out of the OMZ.    Following the 
process described by Weinstein and Moran (2005), the vertical particle export flux of elemental 
selenium was determined from the upwelling-adjusted 234Th flux (Black et al., 2017) using the 
following equation: 
Particulate Se(0) Flux = [pSe(0)]/234Th * Particulate 234Th Flux                        (3) 
The particulate 234Th Flux is the depth-integrated average 234Th flux for Stations 5 and 9 within 
the depth range of the dissolved Se deficit using the data set of Black et al. (2017).  The depth-
integrated average pSe(0)/234Th was computed from the observed data sets generated here for Se 
and by Erin Black (WHOI; personal communication) for 234Th.     
 To compute the rate of Se(IV+VI) loss in the suboxic water column, simple one 
dimensional, advection/diffusion modeling was used where two end member mixing was found.  
A linear temperature-salinity profile indicates only two water masses and thus simple one 
dimensional vertical mixing is occurring.  Following the methodology described originally by 
Craig (1969) and applied to arsenic and selenium data in the Black Sea (Cutter, 1991; Cutter 
1992), a one-dimensional advection/diffusion model was used to quantify the deficit resulting 
from the reduction of dissolved selenite+selenate where the temperature-salinity plot is linear 
over the OMZ depth range.  This rate will be called the dissolved selenium loss rate from now 
on.  The dissolved selenium loss rate should be the sum of the horizontal removal flux (via 228Ra 




RESULTS AND DISCUSSION 
RESULTS 
The GP16 stations within the oxygen minimum zone where dissolved selenium was 
measured were, in order of closest to shore, Stations 2-5, 1, 7, 9, and 11 (Fig. 3).  The stations 
farther offshore were Stations 18, 21, and 36 (Fig. 3).  The presence of a deficit of nitrate and a 
nitrite maximum indicates denitrification within the suboxic water column (e.g., Goering, 1968).  
The nitrate deficit was quantified using the observed phosphate data and the nitrate/phosphate 
ratio derived nitrate and phosphate data from offshore Station 36 where no denitrification is 
thought to be occurring.  Station 2 was suboxic from 55 m to the bottom, and Station 3 was 
suboxic from 50 m to the bottom (Figures 5 and 6).  Stations 4 and 5 were suboxic from 20 m to 
500 m (Figures 7 and 8).  Station 1 and 7 were suboxic from about 60 m to 450 m (Figures 4 and 
9).  Station 9 was suboxic from 100 m to about 450 m (Figure 10).  Station 11 was suboxic from 
about 160 m to 350 m (Figure 11).  All other stations sampled had no apparent denitrification or 
suboxia.   
Dissolved selenite and selenate showed nutrient-like profiles for all stations, with 
selenium being lower in the surface and then increasing with depth, which was most obvious for 
Stations 1, 9, and 36 (Fig. 4).  For stations nearer to shore, the profiles showed additional 
depletion within the oxygen minimum zone depth (Figures 5-15) that obscured the nutrient-like 
distributions.  Particulate elemental selenium was highest in the upper water column and 
decreased with depth for all stations (Figs. 5-15).  In general, stations within the oxygen 
minimum zone had higher subsurface elemental selenium concentrations than stations outside 










































































































































































































































































































































   
   







   
   






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1.  Depth integrated average (DIA) for dissolved selenium deficit and particulate elemental 















3 30.4 171.31 173.30 9.71 163.59 5.77 
4 48.5 598.3 292.85 5.19 287.65 1.79 
5 76.1 500.6 418.93 1.69 417.24 0.40 
1 79.7 375.2 555.50 3.91 551.59 0.71 
7 80.4 350.7 511.41 9.58 501.83 1.89 
9 120.8 301.8 263.93 4.11 259.82 1.57 
11 180.8 350.3 345.61 2.32 343.29 0.67 
13    0.73   
15    0.23   
17    1.45   
18    1.10   
21    0.54   
36    0.22   
1The deepest depth for Station 3 was the maximum depth sampled. 
2 Percent of the dissolved Se deficit that is explained by particulate elemental selenium 
 
 
elemental selenium concentration was generally shallower in the water column (Figs. 5-15).   
Dissolved selenite and selenate deficits signify where dissimilatory selenium reduction 
was occurring.  The deficit at Stations 2 and 3 occurred from about 30 m to the bottom (Figs. 6 
and 7).  At Station 4, the deficit was from about 50 m to about 600 m (Fig. 8).  At Station 5, the 
deficit started at about 78 m and extended to about 500 m (Fig. 9).  The deficit at Stations 1 and 
7 started at about 80 m and extended to about 375 m for Station 1 and 350 m for Station 7 (Figs. 
5 and 10).  At Station 9, the deficit extended from about 120 m to about 300 m (Fig. 11).  The 
deficit at Station 11 extended from about 180 m to about 350 m (Fig. 12).  The observed 
dissolved selenite and selenate deficits occurred at similar depths as those for the nitrate deficit.   
DISCUSSION 
As discussed in Chapter 1, under suboxic conditions selenium can undergo dissimilatory 
reduction (Cutter and Bruland, 1984; Cutter, 1982; Cutter 1992; Rue et al., 1997).  This is 
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manifested as a deficit in dissolved selenite and selenate and production of particulate elemental 
selenium in the water column.  The observed deficit in dissolved selenium, as determined by 
predicting the amount expected if no reduction was occurring, is the combined result of in situ 
water column processes and lateral advective/diffusive transport.  The source of low dissolved 
selenium waters transported laterally by advection/diffusive processes is most likely from anoxic 
coastal/shelf sediments. 
In order to examine the in situ and advective/diffusive components of selenium redox 
behavior, first the region where selenium reduction occurred had to be defined.  As water column 
features tend to follow constant densities rather than at a constant depth, the nitrate deficit, 
dissolved SeIV+VI deficit, and elemental selenium were plotted against Sigma-θ (Figures 16-
18).  The nitrate deficit had a sharp peak at a Sigma-θ of ca. 26.3 kg/m3, with a smaller peak at 
25.6 kg/m3 (Fig. 16).  The nitrate deficit was greatest at Station 5 followed by Stations 3, 9, 1, 
11, and 7.  The SeIV+VI deficit had a broad triangular grouping that peaked at a Sigma-θ of 26.6 
kg/m3, with a smaller maximum at 25.6 kg/m3.  For SeIV+VI, Station 7 had the greatest deficit 
followed by Stations 1, 5, 9, 3, and 11 in that order (Fig. 17).  There was no trend between the 
distance from shore and the amount of nitrate deficit and SeIV+VI deficit (Figure 19).  The lack 
of a trend with the deficit of nitrate and selenium with distance suggests that the reduction is 
mainly in situ and not due to advection/diffusion.  Particulate elemental selenium had two 
groupings, one at a Sigma-θ of 26.6 kg/m3 and the second at a Sigma-θ of 25.5 kg/m3 (Fig. 18).  
The first elemental selenium peak was the larger of the two and Station 3 had the greatest deficit 
followed by Stations 7, 5, 9, 1, and 11 in that order.  For the second elemental selenium peak, 




Figure 16.  Nitrate deficit profile plotted against density.  The station order at the bottom of the 
figure are onshore to offshore.  
 
 
deficits, particulate elemental selenium did not have a trend with distance from shore (Fig. 19).  
The presence of elemental selenium at all stations also suggests in situ selenite + selenate 
reduction (Fig. 19C). 
There was a trend with the smaller peaks of the nitrate and SeIV+VI deficits.  Both peaks 
were located at a Sigma-θ of 25.6 kg/m3.  The order of stations with respect to nitrate and 





























Figure 17.  Selenium deficit profile plotted against density.  The station order at the bottom of 
the figure are onshore to offshore. 
 
 
Sigma-θ of 25.5 kg/m3 although the order was different from that of nitrate and SeIV+VI.  The 
nitrate and dissolved selenium deficits were greatest at Station 1, followed by Stations 5, 7, 11, 
and 9 in that order; whereas elemental selenium was greatest at Station 1 followed by Stations 9, 
7, 5, and 11 in that order.  These additional peaks were at the top of the oxic/suboxic interface 
where denitrification rates are maximal (Goering, 1968).  Since both nitrate and dissolved 
selenium show deficits in the same region of the water column, and the order of decreasing 




Figure 18.  Elemental selenium profile plotted against density.  The station order at the bottom of 
the figure are onshore to offshore. 
 
 
selenium and nitrate occurring at the oxic/suboxic interface.  The presence of elemental selenium 
at the same Sigma-θ’s, as well as at the same stations, as seen for the SeIV+VI deficit also 
supports in situ dissimilatory reduction.    
To start quantifying the in situ dissimilatory reduction of selenium, the dissolved depth-
integrated average Se(IV+VI) deficit and the depth-integrated average particulate Se(0) 





Figure 19.  (A) Nitrate deficit (B) selenite+selenate deficit, and (C) particulate elemental 



















dissolved oxygen concentration level increased.  Station 3 sampled a greater extent of the 
suboxic zone than Station 2.  Due to the shallow depth at Station 2, and thus smaller vertical 
extent of the suboxic layer, the data from Station 2 were not used for the quantification of in situ 
selenium reduction.  Station 1 had the greatest depth-integrated average of the dissolved 
Se(IV+VI) deficit, followed closely by Station 7; Stations 3 and 9 had the lowest dissolved 
depth-integrated averages.  The depth-integrated average dissolved Se(IV+VI) deficit increased 
with increasing distance from shore until Station 1.  Beyond Station 1, the depth-integrated 
average Se(IV+VI) deficit followed a generally decreasing trend.  The particulate Se(0) depth-
integrated average concentration was greatest at Stations 3 and 7, and lowest at Stations 5 and 11 
(Fig. 19C).  The particulate depth-integrated average Se(0) decreased from Station 2 to Station 5, 
increased from Station 5 to Station 7 and then decreased (Fig. 19C).   
In a manner similar to Cutter (1991), the loss rate of dissolved selenite+selenate, J, was 
obtained using a simple 1-dimensional, vertical advection/diffusion model (Craig, 1969) where 
there is two end-member mixing as reflected in a linear T-S plot.  Only Stations 5 and 9 had 
linear T-S regions that covered the suboxic zones (Figure 20).  For Station 5 this was 66 to     
555 m, which coincided with the oxygen minimum zone.  For Station 9 this was 134 to 625 m, 
which missed the top of the oxygen minimum zone, but covered most of it.  The 
advection/diffusion equation used to describe dissolved selenium at steady state is: 
Kz∂2Se/∂z2 - w∂Se/∂z + J = 0                                                  (4) 
where Kz is the vertical eddy diffusion coefficient, w is the vertical advection rate, J is the 
advection/diffusion loss rate of dissolved selenium, ∂2Se/∂z2 is the second order partial 
derivatives of Se(IV+VI) with depth and ∂Se/∂z is the first order partial derivative of Se(IV+VI) 
with depth.  The vertical advection rate used was the upwelling values determined for the study  
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Figure 20.  Temperature-salinity profiles for Stations 5 and 9.  The grey box corresponds to the 
suboxic region.  For Station 5 this was from 66 to 555 m (R2 = 0.9765).  For Station 9 this was 
from 135 to 625 m (R2 = 0.9953). 
 
 
region by Kadko (2017) using 7Be concentrations and the observed dilution of 7Be from 
upwelled 7Be-deficient waters, while the values for Kz, the vertical eddy diffusion coefficient, 
were also taken from Kadko (2017) who determined them using a simple 1-dimensional vertical 
advection/diffusion equation containing a radioactive decay term.   
Fitting the observed dissolved Se(IV+VI) profiles to the steady state solution to equation 
(2) yielded a J of 2.8±3.6x10-3 nmol Se L-1 d-1 for Station 5 and a J of        











































Figure 21.  Vertical advection/diffusion model fit to dissolved selenium (selenite and selenate) 
data from the eastern equatorial Pacific Ocean for Station 5 and Station 9.  Concentration error 
bars are shown unless they are smaller than the symbol. 
 
 
zones.  The loss of dissolved selenium decreased along the transect, as seen by the J for Station 9 
being smaller than the J for Station 5, showing that there was more dissimilatory reduction of 
selenium closer to shore.   
The observed loss of dissolved selenium can be due to either in situ removal or to 
horizontal loss due to the advection/diffusion of the low dissolved selenium signal from the 




Figure 22.  Selenium deficit versus 228Ra.  The SeIV+VI deficit was the depth integrated average 
deficit over the suboxic region.  The 228Ra was the depth integrated average 228Ra over the 
suboxic region.   
 
 
over Sigma-θ 26-26.6kg/m3 was plotted against 228Ra (Figure 22).  With the source of 228Ra 
being sediments or ground water as discussed in Chapter 1, the Se(IV+VI) deficit showed a 
negative correlation with 228Ra (Fig. 22).  This is contrary to the hypothesis that Se(IV+VI) was 
being lost to anoxic coastal sediments, where a positive correlation would result.  Thus, the 
observed deficits of dissolved selenium were not dominated by horizontal advection/diffusion 
from the coastal zone, and therefore must be due to in situ processes.  This agrees with the 
observations above based on the Sigma-θ vs Se(IV+VI) deficit plot (Fig. 17).   
Since the deficit of Se(IV+VI) appears to be largely in situ and assuming steady state 
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conditions, this loss should be reflected in the production of particulate elemental selenium and 
its vertical export; the only source of particulate elemental selenium is from the dissimilatory 
reduction of dissolved selenite and selenate.  The presence of elemental selenium in the water 
column of all stations within the OMZ showed that there had to be at least some in situ reduction 
of selenite and selenate occurring (Table 1).  However, on average, the observed elemental 
selenium accounted for less than 2% of the selenite+selenate deficit (Table 1).  As these data  
represent a snapshot in time, the estimated flux of particulate selenium is more useful in 
evaluating the in situ loss.   
In a steady state system, the loss flux of dissolved selenium computed using 1-D 
advection/diffusion modeling has to be equal to the vertical flux of particulate elemental 
selenium out of the water column.  The flux of elemental selenium out of the water was 
determined from the particulate 234Th flux.  As the thorium flux data were only reliable above 
250 m, the particulate elemental selenium flux was calculated for 50-250 m for Station 5 and 
100-200 m for Station 9.  The vertical particulate elemental selenium flux was only calculated 
for Stations 5 and 9 because those were the only two stations where the loss flux of dissolved 
selenium was computed (as above).  The particulate elemental selenium flux was 171±38 nmol 
Se m-2 d-1 for Station 5 and 175±23 nmol Se m-2 d-1 for Station 9 (Table 2).  However, the 
advection/diffusion model calculations were made over a deeper water column, so they were 
adjusted to match the depth ranges for the 234Th computed fluxes.  Adjusting the depth range for 
the Se(IV+VI) loss calculations above yields 280±360 nmol Se m-2 d-1 for Station 5 and 120±76 
nmol Se m-2 d-1 for Station 9 (Table 2).  Over these depth intervals, the dissolved Se(IV+VI) 
removal rates via advection/diffusion modeling and the elemental selenium fluxes from 234Th 
calculations had a percent difference of 48% for Station 5 and 37% for Station 9.  These percent   
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Table 2.  Apparent dissolved selenium loss rate compared to elemental selenium flux.   
Station 
Number 
Apparent dissolved selenium loss 
rate (nmol Se m-2 d-1) 
Se(0) flux (nmol 
Se m-2 d-1) 
Average 
Agreement 
5 280±360 171±38 102-200% 
9 120±76 175±23 1-110% 
 
 
differences were reasonable considering the large errors associated with the calculated 
Se(IV+VI) removal rates.  This supports the conclusion that the observed deficit of dissolved 
selenium is due to in situ dissimilatory reduction to particulate elemental selenium.  Rue et al. 
(1997) similarly attributed the loss of trace elements, including selenium, in the suboxic 







This study provides an assessment of selenium cycling within the oxygen minimum zone 
in the eastern equatorial Pacific Ocean off the coast of Peru.  Dissolved selenium displayed the 
nutrient-like surface depletion and enrichment at depth documented in other ocean basins (e.g., 
Cutter and Cutter, 2001; Measures et al., 1980; Rue et al., 1997).  Dissolved selenium also 
showed the subsurface depletion typical of dissimilatory reduction of selenite and selenate that 
has been observed within suboxic (below 10 µM) waters in other ocean regions (e.g. Cutter, 
1982; Cutter, 1992; Cutter and Bruland, 1984; Rue et al., 1997;).  The observed dissolved 
selenium deficit was likely due to in situ dissimilatory reduction to particulate elemental 
selenium, with these particles then sinking out of the water column.   
This trend of selenium reduction within oxygen minimum zones is important because the 
ocean’s oxygen minimum zones are predicted to keep expanding (Stramma et al., 2008; Matear 
and Hirst, 2003).  There is also historical evidence that there have been larger oxygen minimum 
zones after the most recent deglaciation (18-11 ka; Moffitt et al., 2015).  The maximum vertical 
oxygen minimum zone for the Equatorial Pacific was ~110-3100 m (Moffitt et al., 2015), which 
is a much greater depth range than the oxygen minimum zone off Peru that was sampled in my 
study (~30-600 m).  It has been argued that denitrification rates increased during the last 
deglaciation (Galbraith et al., 2013).  Even though the last glaciation was many years ago, human 
actions have caused the Greenland and Antarctic ice sheets to melt (e.g. Hansen et al., 2016), 
which could cause the vertical extent of the oxygen minimum zone to keep expanding and likely 
cause increased denitrification.   
This potential increase in denitrification could lead to increased removal of other redox 
  
42
sensitive species, such as selenium, that are utilized as oxidants for anaerobic respiration.  This is 
because as one terminal electron acceptor required for anaerobic respiration is depleted, the next 
terminal electron acceptor is used and this process continues until sulfate is the final terminal 
electron acceptor (Stumm and Morgan, 1981).  As discussed in Chapter 1, selenium is part of 
this string of potential terminal electron acceptors for anaerobic respiration.  Dissolved selenium 
would undergo dissimilatory reduction to elemental selenium, which would then sink out of the 
water column.  Reduction to elemental selenium would locally decrease the inventory of 
dissolved selenium within the oxygen minimum zone, although it could be reoxidized under 
oxygenated conditions (Velinsky and Cutter, 1991; Cutter, 1992; Dowdle and Oremland, 1998; 
Sarathchandra and Watkinson, 1981).  However, the oxidation of Se(0) is very slow compared to 
selenate reduction (Dowdle and Oremland, 1998), which could cause the inventory of dissolved 
selenium to become lower than the current inventory (Dowdle and Oremland, 1998).  Also, some 
of the Se(0) will reach the sediments and be buried, thus increasing the frame of selenium lost 
from the system (Velinsky and Cutter, 1991; Cutter, 1992).  More research is needed to 
determine exactly how an increase in dissimilatory reduction of selenium would impact the 
ocean’s selenium inventory just like denitrification affects the oceanic nitrogen budget 
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GP-16 1 1 -79.2742 -11.9071 5533 2127 19.6 0.6 0.02 
GP-16 2 1 -79.1952 -12.0057 5530 2125 29.7 0.4 0.05 
GP-16 3 1 -79.1952 -12.0057 5530 2123 44.9 1.24 0.16 
GP-16 4 1 -79.1952 -12.0057 5530 2121 65.3 0.43 0.11 
GP-16 5 1 -79.1952 -12.0057 5530 2119 79.7 0.7 0.14 
GP-16 6 1 -79.1952 -12.0057 5530 2117 130.2 0.58 0.19 
GP-16 7 1 -79.1952 -12.0057 5530 2115 180.7 0.7 0.21 
GP-16 8 1 -79.1952 -12.0057 5530 2113 211.2 0.86 0.14 
GP-16 9 1 -79.1952 -12.0057 5530 2111 236 0.84 0.24 
GP-16 10 1 -79.1952 -12.0057 5530 2109 259.9 0.91 0.1 
GP-16 11 1 -79.1952 -12.0057 5530 2107 299.9 0.54 0.1 
GP-16 12 1 -79.1952 -12.0057 5530 2105 375.2 0.61 0.22 
GP-16 13 1 -79.1952 -12.0057 5530 2237 449.7 0.6 0.32 
GP-16 14 1 -79.1952 -12.0057 5530 2235 550.2 0.82 0.42 
GP-16 15 1 -79.1952 -12.0057 5530 2233 675.2 0.83 0.33 
GP-16 16 1 -79.1952 -12.0057 5530 2231 800.7 1.06 0.18 
GP-16 17 1 -79.1952 -12.0057 5530 2229 1000.2 1.04 0.35 
GP-16 18 1 -79.1952 -12.0057 5530 2227 1201.3 1.07 0.5 
GP-16 19 1 -79.1952 -12.0057 5530 2225 1599.3 1.14 0.53 
GP-16 20 1 -79.1952 -12.0057 5530 2223 2000.7 1.13 0.52 
GP-16 21 1 -79.1952 -12.0057 5530 2221 2400.7 1.01 0.59 
GP-16 22 1 -79.1952 -12.0057 5530 2219 2800.9 1.15 0.51 
GP-16 23 1 -79.1952 -12.0057 5530 2217 3199.9 1.05 0.55 
GP-16 24 1 -79.1952 -12.0057 5530 2019 3998.3 1.03 0.53 
GP-16 25 1 -79.1952 -12.0057 5530 2015 4596.7 0.88 0.58 
GP-16 26 1 -79.1953 -12.0053 5530 2013 4796.4 0.93 0.57 
GP-16 27 1 -79.1953 -12.0053 5530 2009 5146.2 1.02 0.61 
GP-16 28 1 -79.1953 -12.0053 5530 2007 5320.4 1.04 0.57 
GP-16 29 1 -79.1953 -12.0053 5530 2003 5446.4 1.02 0.52 
GP-16 30 1 -79.1953 -12.0053 5530 2001 5495.4 1.18 0.56 
GP-16 74 2 -77.4325 -12.0471 132 2263 19.9 1.06 0.09 
GP-16 75 2 -77.3761 -12.0449 122 2261 37.8 0.67 0.26 
GP-16 76 2 -77.3761 -12.0449 122 2259 54.5 1.09 0.26 
GP-16 77 2 -77.3761 -12.0449 122 2257 69.4 0.6 0.36 
GP-16 78 2 -77.3761 -12.0449 122 2255 89.6 0.74 0.3 
GP-16 79 2 -77.3761 -12.0449 122 2253 110.4 0.51 0.17 
GP-16 87 3 -77.7099 -12.0446 199 2309 19.9 0.41 0.3 
GP-16 88 3 -77.657 -12.0451 181 2307 30.4 0.8 0.18 
GP-16 89 3 -77.657 -12.0451 181 2305 34.8 0.68 0.04 
GP-16 90 3 -77.657 -12.0451 181 2303 49.7 0.93 0.11 
GP-16 91 3 -77.657 -12.0451 181 2301 68.3 1.02 0.1 
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GP-16 92 3 -77.657 -12.0451 181 2299 89.9 0.99 0.16 
GP-16 93 3 -77.657 -12.0451 181 2297 131 0.78 0.25 
GP-16 94 3 -77.657 -12.0451 181 2295 171.3 0.71 0.2 
GP-16 104 4 -77.8651 -12.0453 1092 2367 20.1 0.83 0.06 
GP-16 105 4 -77.8181 -12.0448 760 2365 48.5 0.72 0.16 
GP-16 106 4 -77.8181 -12.0448 760 2363 66.1 0.91 0.18 
GP-16 107 4 -77.8181 -12.0448 760 2361 110.8 0.87 0.2 
GP-16 108 4 -77.8181 -12.0448 760 2359 140.1 0.9 0.13 
GP-16 109 4 -77.8181 -12.0448 760 2357 200.1 0.53 0.14 
GP-16 110 4 -77.8181 -12.0448 760 2355 299.6 0.94 0.09 
GP-16 111 4 -77.8181 -12.0448 760 2353 399.5 1.1 0.13 
GP-16 112 4 -77.8181 -12.0448 760 2351 498.8 0.82 0.34 
GP-16 113 4 -77.8181 -12.0448 760 2349 598.3 0.59 0.32 
GP-16 114 4 -77.8181 -12.0448 760 2347 673.4 1.16 0.25 
GP-16 115 4 -77.8181 -12.0448 760 2345 752.4 1.19 0.4 
GP-16 129 5 -78.3143 -12.0481 2231 2482 19.8 0.5 0.18 
GP-16 130 5 -78.1669 -12.0448 2075 2480 40.3 0.92 0.17 
GP-16 131 5 -78.1669 -12.0448 2075 2476 76.1 1.02 0.2 
GP-16 132 5 -78.1669 -12.0448 2075 2474 84.8 0.72 0.29 
GP-16 133 5 -78.1669 -12.0448 2075 2472 121.2 0.49 0.17 
GP-16 134 5 -78.1669 -12.0448 2075 2470 150.8 0.71 0.29 
GP-16 135 5 -78.1669 -12.0448 2075 2468 201.6 1.02 0.23 
GP-16 136 5 -78.1669 -12.0448 2075 2466 267.1 0.94 0.23 
GP-16 137 5 -78.1669 -12.0448 2075 2464 331 0.65 0.14 
GP-16 138 5 -78.1669 -12.0448 2075 2462 381.9 0.74 0.27 
GP-16 139 5 -78.1669 -12.0448 2075 2460 500.6 0.86 0.24 
GP-16 140 5 -78.1669 -12.0448 2075 2424 600 0.85 0.34 
GP-16 141 5 -78.1669 -12.0448 2075 2422 800.7 0.92 0.38 
GP-16 142 5 -78.1669 -12.0448 2075 2420 1000 0.79 0.22 
GP-16 143 5 -78.1669 -12.0448 2075 2418 1200.7 0.64 0.5 
GP-16 144 5 -78.1669 -12.0448 2075 2416 1399.8 0.96 0.62 
GP-16 145 5 -78.1669 -12.0448 2075 2412 1798.6 1.15 0.37 
GP-16 146 5 -78.1669 -12.0448 2075 2406 2049.9 0.96 0.66 
GP-16 200 7 -84.027 -11.9759 4462 3141 40 0.7 0.1 
GP-16 201 7 -84 -11.9999 4559 3139 60 0.59 0.2 
GP-16 202 7 -84 -11.9999 4559 3137 80.4 0.62 0.18 
GP-16 203 7 -84 -11.9999 4559 3135 110.2 0.61 0.04 
GP-16 204 7 -84 -11.9999 4559 3133 126.1 0.55 0.19 
GP-16 205 7 -84 -11.9999 4559 3131 149.8 0.37 0.15 
GP-16 206 7 -84 -11.9999 4559 3129 181.6 0.65 0.3 
GP-16 207 7 -84 -11.9999 4559 3127 251.4 0.92 0.01 
GP-16 208 7 -84 -11.9999 4559 3125 300.6 0.94 0.08 
GP-16 209 7 -84 -11.9999 4559 3123 350.7 0.72 0.34 
GP-16 210 7 -84 -11.9999 4559 3121 400.5 0.71 0.3 
GP-16 211 7 -84 -11.9999 4559 3252 450.9 0.57 0.39 
GP-16 212 7 -84 -11.9999 4559 3250 499.8 0.67 0.42 
GP-16 213 7 -84 -11.9999 4559 3248 625.2 0.84 0.39 
GP-16 214 7 -84 -11.9999 4559 3246 750.7 0.83 0.54 
GP-16 215 7 -84 -11.9999 4559 3242 1251.3 0.88 0.57 
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GP-16 216 7 -84 -11.9999 4559 3238 1750.1 0.98 0.77 
GP-16 217 7 -84 -11.9999 4559 3236 2001.9 0.94 0.73 
GP-16 298 9 -89.0574 -11.9497 3943 3391 19.8 0.65 0.15 
GP-16 299 9 -89.0022 -11.9999 4123 3389 40.7 0.62 0.19 
GP-16 300 9 -89.0022 -11.9999 4123 3387 61.6 0.73 0.12 
GP-16 301 9 -89.0022 -11.9999 4123 3385 100.3 0.58 0.38 
GP-16 302 9 -89.0022 -11.9999 4123 3383 120.8 0.76 0.11 
GP-16 303 9 -89.0022 -11.9999 4123 3381 136.5 0.95 0.07 
GP-16 304 9 -89.0022 -11.9999 4123 3377 175.9 1.01 0.03 
GP-16 305 9 -89.0022 -11.9999 4123 3375 201.3 1.03 0.14 
GP-16 306 9 -89.0022 -11.9999 4123 3373 251.4 1.23 0.05 
GP-16 307 9 -89.0022 -11.9999 4123 3371 301.8 1.01 0.32 
GP-16 308 9 -89.0022 -11.9999 4123 3442 350.2 0.98 0.04 
GP-16 309 9 -89.0022 -11.9999 4123 3440 399.5 0.95 0.02 
GP-16 310 9 -89.0022 -11.9999 4123 3438 450.7 0.68 0.47 
GP-16 311 9 -89.0022 -11.9999 4123 3436 500.4 1.02 0.31 
GP-16 312 9 -89.0022 -11.9999 4123 3434 625.3 0.87 0.61 
GP-16 313 9 -89.0022 -11.9999 4123 3432 750.9 0.98 0.53 
GP-16 314 9 -89.0022 -11.9999 4123 3430 1001 1.09 0.6 
GP-16 315 9 -89.0022 -11.9999 4123 3428 1252 1.12 0.46 
GP-16 316 9 -89.0022 -11.9999 4123 3426 1500.4 1.27 0.5 
GP-16 317 9 -89.0022 -11.9999 4123 3424 1751 1.57 0.4 
GP-16 395 11 -94.0564 -11.9415 3648 3567 20.5 0.61 0.16 
GP-16 396 11 -94.0008 -12.0005 3664 3565 40.9 0.59 0.21 
GP-16 397 11 -94.0008 -12.0005 3664 3563 76.1 0.64 0.18 
GP-16 398 11 -94.0008 -12.0005 3664 3561 110.6 0.59 0.11 
GP-16 399 11 -94.0008 -12.0005 3664 3559 130.6 0.58 0.2 
GP-16 400 11 -94.0008 -12.0005 3664 3557 155.5 0.57 0.21 
GP-16 401 11 -94.0008 -12.0005 3664 3555 180.8 0.6 0.43 
GP-16 402 11 -94.0008 -12.0005 3664 3553 200.7 0.51 0.42 
GP-16 403 11 -94.0008 -12.0005 3664 3551 219.6 0.67 0.44 
GP-16 404 11 -94.0008 -12.0005 3664 3549 235.9 0.69 0.37 
GP-16 405 11 -94.0008 -12.0005 3664 3547 261.1 0.65 0.31 
GP-16 406 11 -94.0008 -12.0005 3664 3545 321.1 0.74 0.44 
GP-16 407 11 -94.0008 -12.0005 3664 3634 350.3 0.9 0.42 
GP-16 408 11 -94.0008 -12.0005 3664 3632 400 0.99 0.16 
GP-16 409 11 -94.0008 -12.0005 3664 3630 500.4 1.1 0.45 
GP-16 410 11 -94.0008 -12.0005 3664 3628 601.1 0.95 0.03 
GP-16 411 11 -94.0008 -12.0005 3664 3626 700.5 0.93 0.02 
GP-16 412 11 -94.0008 -12.0005 3664 3624 800.7 1.21 0.23 
GP-16 413 11 -94.0008 -12.0005 3664 3622 900.4 1.08 0.56 
GP-16 414 11 -94.0008 -12.0005 3664 3620 1001.3 1.4 0.28 
GP-16 415 11 -94.0008 -12.0005 3664 3618 1251.1 1.2 0.38 
GP-16 416 11 -94.0008 -12.0005 3664 3616 1500.8 1.23 0.19 
GP-16 761 18 -112.7786 -14.9136 2972 8477 20 0.64 0.06 
GP-16 762 18 -112.7504 -14.9835 2643 8475 60.1 0.51 0.06 
GP-16 763 18 -112.7504 -14.9835 2643 8473 94.7 0.54 0.09 
GP-16 764 18 -112.7504 -14.9835 2643 8469 200.1 0.75 0.09 
GP-16 765 18 -112.7504 -14.9835 2643 8465 354.7 0.43 0.44 
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GP-16 766 18 -112.7504 -14.9835 2643 8463 399.6 0.78 0.41 
GP-16 767 18 -112.7504 -14.9835 2643 8461 597.9 0.74 0.48 
GP-16 768 18 -112.7504 -14.9835 2643 8459 797.5 0.87 0.54 
GP-16 769 18 -112.7504 -14.9835 2643 8455 1195.6 0.95 0.54 
GP-16 770 18 -112.7504 -14.9835 2643 8544 1393.4 1.07 0.52 
GP-16 771 18 -112.7504 -14.9835 2643 8542 1593.3 1.07 0.5 
GP-16 772 18 -112.7504 -14.9835 2643 8538 1990.5 1 0.49 
GP-16 773 18 -112.7504 -14.9835 2643 8536 2190.3 0.71 0.69 
GP-16 774 18 -112.7504 -14.9835 2643 8534 2213.3 1.37 0.28 
GP-16 775 18 -112.7504 -14.9835 2643 8532 2240.6 0.92 0.58 
GP-16 776 18 -112.7504 -14.9835 2643 8530 2263.6 1.13 0.54 
GP-16 777 18 -112.7504 -14.9835 2643 8528 2290.1 0.68 0.62 
GP-16 778 18 -112.7504 -14.9835 2643 8524 2338.4 1.29 0.07 
GP-16 779 18 -112.7504 -14.9835 2643 8598 2362.5 1.27 0.11 
GP-16 780 18 -112.7504 -14.9835 2643 8596 2387.3 1.35 0.44 
GP-16 781 18 -112.7504 -14.9835 2643 8594 2412.7 1.19 0.45 
GP-16 782 18 -112.7504 -14.9835 2643 8592 2437.7 1.16 0.46 
GP-16 783 18 -112.7504 -14.9835 2643 8590 2462.5 1.43 0.2 
GP-16 784 18 -112.7503 -14.9839 2642 8588 2487.6 1.08 0.62 
GP-16 785 18 -112.7503 -14.9839 2642 8418 2512.3 1.06 0.4 
GP-16 786 18 -112.7504 -14.9835 2643 8586 2537.6 0.97 0.54 
GP-16 787 18 -112.7504 -14.9835 2643 8586 2537.6 1.32 0.36 
GP-16 788 18 -112.7503 -14.9839 2642 8414 2561.2 1.31 0.28 
GP-16 789 18 -112.7503 -14.9839 2642 8584 2611.2 1.3 0.28 
GP-16 790 18 -112.7503 -14.9839 2642 8582 2611.9 0.99 0.57 
GP-16 931 21 -115.0523 -14.7896 3232 8853 20.8 0.51 0 
GP-16 932 21 -114.9998 -14.7698 3267 8851 59.5 0.44 0.06 
GP-16 933 21 -114.9998 -14.7698 3267 8849 90 0.44 0.06 
GP-16 934 21 -114.9998 -14.7698 3267 8847 124.9 0.51 0 
GP-16 935 21 -114.9998 -14.7698 3267 8845 149.9 0.3 0.04 
GP-16 936 21 -114.9998 -14.7698 3267 8843 224.6 0.95 0.05 
GP-16 937 21 -114.9998 -14.7698 3267 8841 299 0.87 0.27 
GP-16 938 21 -114.9998 -14.7698 3267 8839 359.4 1.16 0.31 
GP-16 939 21 -114.9998 -14.7698 3267 8837 448.1 1.53 0.27 
GP-16 940 21 -114.9998 -14.7698 3267 8835 498.7 1.21 0.15 
GP-16 941 21 -114.9998 -14.7698 3267 8833 747.5 1.44 0.21 
GP-16 942 21 -114.9998 -14.7698 3267 8831 996 1.47 0.19 
GP-16 943 21 -114.9998 -14.7698 3267 8909 1244 1 0.56 
GP-16 944 21 -114.9998 -14.7698 3267 8907 1494.3 1.04 0.5 
GP-16 945 21 -114.9998 -14.7698 3267 8905 1744 1.05 0.51 
GP-16 946 21 -114.9998 -14.7698 3267 8903 1989.8 1.02 0.49 
GP-16 947 21 -114.9998 -14.7698 3267 8901 2089.6 1.04 0.46 
GP-16 948 21 -114.9998 -14.7698 3267 8899 2189.3 1.2 0.36 
GP-16 949 21 -114.9998 -14.7698 3267 8895 2338.5 1.29 0.34 
GP-16 950 21 -114.9998 -14.7698 3267 8893 2387.7 1.05 0.49 
GP-16 951 21 -114.9998 -14.7698 3267 8891 2437.4 1.14 0.48 
GP-16 952 21 -114.9998 -14.7698 3267 8889 2488.5 0.98 0.54 
GP-16 1666 36 -152.079 -10.5184 5162 10330 30.4 0.41 0.05 
GP-16 1667 36 -151.9996 -10.5004 5136 10328 45.2 0.43 0.02 
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GP-16 1668 36 -151.9996 -10.5004 5136 10326 75.5 0.53 0.05 
GP-16 1669 36 -151.9996 -10.5004 5136 10324 100.5 0.51 0.03 
GP-16 1670 36 -151.9996 -10.5004 5136 10322 130.4 0.53 0.04 
GP-16 1671 36 -151.9996 -10.5004 5136 10320 200.6 0.54 0.08 
GP-16 1672 36 -151.9996 -10.5004 5136 10318 300.7 0.47 0.23 
GP-16 1673 36 -151.9996 -10.5004 5136 10316 351.2 0.82 0.23 
GP-16 1674 36 -151.9996 -10.5004 5136 10314 451.5 0.62 0.34 
GP-16 1675 36 -151.9996 -10.5004 5136 10312 600.9 0.98 0.39 
GP-16 1676 36 -151.9996 -10.5004 5136 10310 801.3 1 0.44 
GP-16 1677 36 -151.9996 -10.5004 5136 10308 1002.4 1.02 0.46 
GP-16 1678 36 -151.9996 -10.5004 5136 10385 1251.9 1.05 0.45 
GP-16 1679 36 -152.0004 -10.5004 5136 10381 1750.5 0.87 0.61 
GP-16 1680 36 -152.0004 -10.5004 5136 10377 2099.4 1.02 0.49 
GP-16 1681 36 -152.0004 -10.5004 5136 10375 2200.7 1.16 0.53 
GP-16 1682 36 -152.0004 -10.5004 5136 10369 2500.7 0.99 0.52 
GP-16 1683 36 -152.0004 -10.5004 5136 10274 2698.2 1.15 0.49 
GP-16 1684 36 -151.9996 -10.5004 5136 10272 2797.8 0.96 0.77 
GP-16 1685 36 -151.9996 -10.5004 5136 10268 2997.5 0.89 0.64 
GP-16 1686 36 -151.9996 -10.5004 5136 10264 3498.2 1 0.5 
GP-16 1687 36 -151.9996 -10.5004 5136 10260 4497.1 1.03 0.38 
GP-16 1688 36 -151.9996 -10.5004 5136 10256 4996.3 1.1 0.31 






















GP-16 1 1 -79.2742 -11.9071 5530 111111 15 0.011 
GP-16 2 1 -79.1952 -12.0057 5530 111112 35 0.013 
GP-16 3 1 -79.1952 -12.0057 5530 111113 60 0.004 
GP-16 4 1 -79.1952 -12.0057 5530 111114 80 0.007 
GP-16 5 1 -79.1952 -12.0057 5530 111115 180 0.003 
GP-16 6 1 -79.1952 -12.0057 5530 111116 210 0.004 
GP-16 7 1 -79.1952 -12.0057 5530 111117 235 0.005 
GP-16 8 1 -79.1952 -12.0057 5530 111118 300 0.002 
GP-16 9 1 -79.1952 -12.0057 5530 111119 450 0.003 
GP-16 10 1 -79.1952 -12.0057 5530 111120 550 0.002 
GP-16 11 1 -79.1952 -12.0057 5530 111121 800 0.002 
GP-16 12 1 -79.1952 -12.0057 5530 111122 1200 0.002 
GP-16 13 1 -79.1952 -12.0057 5530 111123 1600 0.002 
GP-16 14 1 -79.1952 -12.0057 5530 111124 2400 0.001 
GP-16 15 1 -79.1952 -12.0057 5530 111125 2800 0.002 
GP-16 16 1 -79.1952 -12.0057 5530 111126 3200 0.001 
GP-16 17 1 -79.1952 -12.0057 5530 111127 3600 0.002 
GP-16 18 1 -79.1952 -12.0057 5530 111128 4200 0.002 
GP-16 19 1 -79.1953 -12.0053 5530 111129 4800 0.002 
GP-16 20 1 -79.1953 -12.0053 5530 111130 5080 0 
GP-16 21 1 -79.1953 -12.0053 5530 111131 5325 0.002 
GP-16 22 1 -79.1953 -12.0053 5530 111132 5400 0.001 
GP-16 23 1 -79.1953 -12.0053 5530 111133 5450 0.001 
GP-16 24 1 -79.1953 -12.0053 5530 111134 5525 0.001 
GP-16 25 2 -77.4325 -12.0471 132 111135 15 0.037 
GP-16 26 2 -77.3761 -12.0449 122 111136 38 0.012 
GP-16 27 2 -77.3761 -12.0449 122 111137 55 0.009 
GP-16 28 2 -77.3761 -12.0449 122 111138 70 0.011 
GP-16 29 2 -77.3761 -12.0449 122 111139 108 0.011 
GP-16 30 3 -77.7099 -12.0446 199 111140 20 0.022 
GP-16 31 3 -77.657 -12.0451 181 111141 35 0.012 
GP-16 32 3 -77.657 -12.0451 181 111142 65 0.01 
GP-16 33 3 -77.657 -12.0451 181 111143 90 0.006 
GP-16 34 3 -77.657 -12.0451 181 111144 170 0.005 
GP-16 35 4 -77.8651 -12.0453 1092 111145 20 0.006 
GP-16 36 4 -77.8181 -12.0448 760 111146 48 0.006 
GP-16 37 4 -77.8181 -12.0448 760 111147 68 0.009 
GP-16 38 4 -77.8181 -12.0448 760 111148 110 0.007 
GP-16 39 4 -77.8181 -12.0448 760 111149 200 0.002 
GP-16 40 4 -77.8181 -12.0448 760 111150 300 0.004 
GP-16 41 4 -77.8181 -12.0448 760 111151 500 0.002 
GP-16 42 4 -77.8181 -12.0448 760 111152 675 0 
GP-16 43 5 -78.3143 -12.0481 2231 111153 15 0.002 
GP-16 44 5 -78.1669 -12.0448 2075 111154 75 0.011 
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GP-16 45 5 -78.1669 -12.0448 2075 111155 120 0.008 
GP-16 46 5 -78.1669 -12.0448 2075 111156 200 0.004 
GP-16 47 5 -78.1669 -12.0448 2075 111157 600 0.001 
GP-16 48 5 -78.1669 -12.0448 2075 111158 1200 0.002 
GP-16 49 5 -78.1669 -12.0448 2075 111159 1800 0.001 
GP-16 50 5 -78.1669 -12.0448 2075 111160 2040 0 
GP-16 67 7 -84 -11.9759 4462 111177 20 0.004 
GP-16 68 7 -84 -11.9999 4559 111178 60 0.005 
GP-16 69 7 -84 -11.9999 4559 111179 110 0.012 
GP-16 70 7 -84 -11.9999 4559 111180 150 0.008 
GP-16 71 7 -84 -11.9999 4559 111181 250 0.007 
GP-16 72 7 -84 -11.9999 4559 111182 500 0.002 
GP-16 73 7 -84 -11.9999 4559 111183 750 0.001 
GP-16 74 7 -84 -11.9999 4559 111184 1000 0.002 
GP-16 75 7 -84 -11.9999 4559 111185 1250 0.001 
GP-16 76 7 -84 -11.9999 4559 111186 1750 0.002 
GP-16 77 7 -84 -11.9999 4559 111187 2250 0.001 
GP-16 78 7 -84 -11.9999 4559 111188 3000 0.002 
GP-16 79 7 -84 -11.9999 4559 111189 3625 0.002 
GP-16 80 7 -84 -11.9999 4559 111190 4250 0.003 
GP-16 81 7 -84 -11.9999 4559 111191 4500 0.003 
GP-16 82 7 -84 -11.9999 4559 111192 4535 0.002 
GP-16 91 9 -89.0574 -11.9497 3943 111201 20 0.006 
GP-16 92 9 -89.0022 -11.9999 4123 111202 60 0.003 
GP-16 93 9 -89.0022 -11.9999 4123 111203 135 0.006 
GP-16 94 9 -89.0022 -11.9999 4123 111204 155 0.01 
GP-16 95 9 -89.0022 -11.9999 4123 111205 250 0.004 
GP-16 96 9 -89.0022 -11.9999 4123 111206 400 0.001 
GP-16 97 9 -89.0022 -11.9999 4123 111207 625 0.002 
GP-16 98 9 -89.0022 -11.9999 4123 111208 750 0.002 
GP-16 99 9 -89.0022 -11.9999 4123 111209 1000 0.001 
GP-16 100 9 -89.0022 -11.9999 4123 111210 1500 0.002 
GP-16 101 9 -89.0022 -11.9999 4123 111211 2000 0.002 
GP-16 102 9 -89.0022 -11.9999 4123 111212 2500 0.001 
GP-16 103 9 -89.0022 -11.9999 4123 111213 3000 0.001 
GP-16 104 9 -89.0011 -12.0002 4136 111214 3500 0 
GP-16 105 9 -89.0011 -12.0002 4136 111215 4000 0.001 
GP-16 106 9 -89.0022 -11.9999 4123 111216 4075 0.004 
GP-16 130 11 -94.0008 -11.9415 3648 111240 20 0.001 
GP-16 131 11 -94.0008 -12.0005 3664 111241 40 0.002 
GP-16 132 11 -94.0008 -12.0005 3664 111242 75 0.002 
GP-16 133 11 -94.0008 -12.0005 3664 111243 110 0.002 
GP-16 134 11 -94.0008 -12.0005 3664 111244 130 0.001 
GP-16 135 11 -94.0008 -12.0005 3664 111245 180 0.001 
GP-16 136 11 -94.0008 -12.0005 3664 111246 225 0.003 
GP-16 137 11 -94.0008 -12.0005 3664 111247 260 0 
GP-16 138 11 -94.0008 -12.0005 3664 111248 320 0.002 
GP-16 139 11 -94.0008 -12.0005 3664 111249 400 0.001 
GP-16 140 11 -94.0008 -12.0005 3664 111250 600 0 
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GP-16 141 11 -94.0008 -12.0005 3664 111251 800 0 
GP-16 142 12 -96.4989 -13.0015 3793 111252 1000 0 
GP-16 143 12 -96.4989 -13.0015 3793 111253 1250 0.003 
GP-16 144 12 -96.4989 -13.0015 3793 111254 1500 0.002 
GP-16 145 12 -96.4989 -13.0015 3793 111255 2000 0 
GP-16 165 13 -99.0493 -14 3683 111275 20 0.002 
GP-16 166 13 -99.0008 -14 3849 111276 60 0.001 
GP-16 167 13 -99.0008 -14 3849 111277 110 0.001 
GP-16 168 13 -99.0008 -14 3849 111278 200 0.001 
GP-16 169 13 -99.0008 -14 3849 111279 250 0.003 
GP-16 170 13 -99.0008 -14 3849 111280 325 0.002 
GP-16 171 13 -99.0008 -14 3849 111281 600 0.001 
GP-16 172 13 -99.0008 -14 3849 111282 900 0.002 
GP-16 173 13 -99.0008 -14 3849 111283 1200 0 
GP-16 174 13 -99.0008 -14 3849 111284 1800 0 
GP-16 175 13 -99.0008 -14 3849 111285 2400 0 
GP-16 176 13 -99.0008 -14 3849 111286 3000 0.001 
GP-16 177 13 -99.0008 -14 3849 111287 3400 0.001 
GP-16 178 13 -99.0008 -14 3849 111288 3700 0.001 
GP-16 179 13 -99.0008 -14 3849 111289 3750 0 
GP-16 180 13 -99.0008 -14 3849 111290 3820 0 
GP-16 202 15 -104.001 -16.0004 4079 111312 20 0.001 
GP-16 203 15 -104.001 -16.0004 3937 111313 75 0.001 
GP-16 204 15 -104.001 -16.0004 3937 111314 105 0 
GP-16 205 15 -104.001 -16.0004 3937 111315 150 0 
GP-16 206 15 -104.001 -16.0004 3937 111316 225 0 
GP-16 207 15 -104.001 -16.0004 3937 111317 330 0 
GP-16 208 15 -104.001 -16.0004 3937 111318 410 0.001 
GP-16 209 15 -104.001 -16.0004 3937 111319 1000 0 
GP-16 232 17 -109.1895 -14.9997 3677 111342 20 0.001 
GP-16 233 17 -109.1895 -14.9997 3708 111343 50 0.002 
GP-16 234 17 -109.1895 -14.9997 3708 111344 80 0.001 
GP-16 235 17 -109.1895 -14.9997 3708 111345 175 0.001 
GP-16 236 17 -109.1895 -14.9997 3708 111346 250 0.002 
GP-16 237 17 -109.1895 -14.9997 3708 111347 350 0 
GP-16 238 17 -109.1895 -14.9997 3708 111348 500 0.001 
GP-16 239 17 -109.1895 -14.9997 3708 111349 1250 0 
GP-16 240 17 -109.1895 -14.9997 3708 111350 3000 0.002 
GP-16 241 17 -109.1895 -14.9997 3708 111351 3670 0.002 
GP-16 242 18 -112.7786 -14.9136 2972 111352 60 0.002 
GP-16 243 18 -112.7504 -14.9835 2643 111353 95 0.001 
GP-16 244 18 -112.7504 -14.9835 2643 111354 150 0 
GP-16 245 18 -112.7504 -14.9835 2643 111355 200 0 
GP-16 246 18 -112.7504 -14.9835 2643 111356 600 0.001 
GP-16 247 18 -112.7504 -14.9835 2643 111357 600 0.001 
GP-16 248 18 -112.7504 -14.9835 2643 111358 1000 0.001 
GP-16 249 18 -112.7504 -14.9835 2643 111359 1200 0.002 
GP-16 250 18 -112.7504 -14.9835 2643 111360 1400 0.001 
GP-16 251 18 -112.7504 -14.9835 2643 111361 1600 0.001 
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GP-16 252 18 -112.7504 -14.9835 2643 111362 1800 0.002 
GP-16 253 18 -112.7504 -14.9835 2643 111363 2000 0.002 
GP-16 254 18 -112.7504 -14.9835 2643 111364 2200 0.002 
GP-16 255 18 -112.7504 -14.9835 2643 111365 2200 0.003 
GP-16 256 18 -112.7504 -14.9835 2643 111366 2300 0.001 
GP-16 257 18 -112.7504 -14.9835 2643 111367 2350 0.001 
GP-16 258 18 -112.7504 -14.9835 2643 111368 2400 0 
GP-16 259 18 -112.7503 -14.9839 2642 111369 2450 0 
GP-16 260 18 -112.7503 -14.9839 2642 111370 2500 0.002 
GP-16 261 20 -113.5023 -15.0003 3181 111371 2550 0.001 
GP-16 262 20 -113.5023 -15.0003 3181 111372 2610 0 
GP-16 302 21 -114.9998 -14.7896 3232 111412 20 0.003 
GP-16 303 21 -114.9998 -14.7698 3267 111413 60 0.003 
GP-16 304 21 -114.9998 -14.7698 3267 111414 90 0.001 
GP-16 305 21 -114.9998 -14.7698 3267 111415 150 0.002 
GP-16 306 21 -114.9998 -14.7698 3267 111416 225 0.001 
GP-16 307 21 -114.9998 -14.7698 3267 111417 360 0.001 
GP-16 308 21 -114.9998 -14.7698 3267 111418 450 0.002 
GP-16 309 21 -114.9998 -14.7698 3267 111419 750 0.002 
GP-16 310 21 -114.9998 -14.7698 3267 111420 1250 0 
GP-16 311 21 -114.9998 -14.7698 3267 111421 2400 0 
GP-16 312 21 -114.9998 -14.7698 3267 111422 2450 0 
GP-16 313 21 -114.9998 -14.7698 3267 111423 2600 0 
GP-16 314 21 -114.9998 -14.7698 3267 111424 3230 0 
GP-16 328 23 -120.0023 -14.0033 3380 111438 75 0.001 
GP-16 329 23 -120.0023 -14.0033 3380 111439 120 0.001 
GP-16 330 23 -120.0023 -14.0033 3380 111440 230 0.002 
GP-16 331 23 -120.0023 -14.0033 3380 111441 350 0.001 
GP-16 332 23 -120.0023 -14.0033 3380 111442 500 0.002 
GP-16 333 23 -120.0023 -14.0033 3380 111443 750 0.001 
GP-16 334 23 -120.0023 -14.0033 3380 111444 2450 0 
GP-16 335 23 -120.0023 -14.0033 3380 111445 2800 0 
GP-16 336 23 -120.0023 -14.0033 3380 111446 3000 0 
GP-16 337 23 -120.0023 -14.0033 3380 111447 3300 0 
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